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Edited by Miguel De la RosaAbstract The PAAD domain is a conserved domain recently
identiﬁed in more than 35 human proteins that are involved in
apoptosis and inﬂammatory signaling pathways. Structural stud-
ies have conﬁrmed that this domain belongs to the death domain
superfamily which includes PAAD/CARD/DED/DD families.
Recently, the 3D structures determined by NMR of NALP1
and ASC PAAD domain, members of the PAAD family, have
shown that it is composed of a 6 helix bundle as with other death
domain family members. However, helix-3 in the solved struc-
tures is unordered in solution. In this study we compare the ther-
modynamic, folding and stability properties of diﬀerent members
of the PAAD and CARD families and investigate structural con-
formational changes induced by the helix inducers triﬂuoroetha-
nol and SDS on the PAAD domain of IFI16 and on the CARD
domain of RAIDD. We show that inside the PAAD and CARD
families, members have similar thermodynamic properties, how-
ever, the DG of folding for PAAD and CARD members are,
respectively, 1.4 and 5.5 kcal mol1. This diﬀerence is attrib-
uted to less alpha helical content for PAAD due to the unfolding
of helix-3 that lowers bonded energy and increases disorder when
compared to CARD members. Despite identical fold between
PAAD and CARD families but limited sequence identity, there
are striking diﬀerences in the thermodynamics of both families.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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IFI16 has been identiﬁed as a target gene of interferon-c and
is a member of the HIN-200 gene family [1] that were initially
grouped together based on their hematopoietic expression pat-
tern, interferon inducibility, nuclear localization and common
domain of 200 amino-acids repeat (HIN-200) of unknown
structure and function. IFI16 acts as a transcription repressor
when positioned in proximity to a promoter containing con-
sensus binding sequences [2]. Each of the 200 amino-acids re-
peat regions contains this repression activity independently
but seems to be enhanced by the N-terminus of IFI16 that
can bind to DNA [2]. A nuclear function of IFI16 has been
postulated by the ﬁndings that IFI16 and its mouse homolog
p202 interact with nuclear factors p53, Rb, E2F, AP1, and*Corresponding author. Fax: +1 604 291 5583.
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domain, an apoptotic domain found at the N-termini of cell
death and inﬂammatory proteins such as PYRIN, ASC, and
AIM has been found in the N-terminus of IFI16, suggesting
that IFI16 has a role in apoptosis and inﬂammation [4].
Structural studies have conﬁrmed that this domain belongs
to the death domain superfamily which includes PAAD/
CARD/DED/DD families [4]. Recently, the 3D structures of
the PAAD domains determined by NMR of NALP1 and
ASC have shown that it is composed of a 6 helix bundle that
fold as a Greek key topology as with other death domain fam-
ily members. However, helix-3 in the solved structures is unor-
dered in solution [5,6].
So far thermodynamics studies on the death domain fold has
been poorly studied and recent studies have suggested as ex-
pected for a small domain of only 95 amino-acids that the
death domain family members fold as a two-state equilibrium
process with some diﬀerences in kinetics [7–14]. Only two fold-
ing kinetics studies have been performed on the CARD do-
main of RICK a pro-inﬂammatory serine threonine kinase
and the pro-domain of caspase-1 [9,10]. These studies showed
that both proteins are marginally stable with a free energy of
folding of 1.1 kcal/mol for the prodomain of caspase-1 and
3 kcal/mol for RICK. Both proteins fold by an apparent
two-state equilibrium process. Therefore, these proteins seem
to fold slowly with diﬀerent half-time and folding intermedi-
ates that can be kinetically trapped [9,10].
These data could indicate that folding pathways are not con-
served within the structural superfamily. However, the diﬀer-
ences between the folding kinetics of the diﬀerent members
of the superfamily remain to be established.
In this study, we compared the thermodynamic properties of
many CARD and PAAD family by ﬂuorescence and circular
dichroism measurements. In addition, to investigate structural
changes that could occur during folding–unfolding transition
of CARD and PAAD domains we measured folding, thermo-
dynamics and stability of two diﬀerent death domains family
members IFI16-PAAD and RAIDD-CARD using TFE and
SDS helix inducers. These compounds have been used exten-
sively for their ability to trap folding intermediates during
folding–unfolding transition studies.2. Material and methods
2.1. Cloning expression and puriﬁcation of PAAD and CARD domains
Human DNA fragments encoding for PAAD protein domains of
IFI16 referred to as IFI16-1 (3–88, CAI15085), NAC, (2–92,
AAG30288), MNDA, (3–88, CAH73797) and CARD protein domainsblished by Elsevier B.V. All rights reserved.
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NAC referred to as NAC-CARD (1373–1473, AAG30288) were in-
serted into a pET28b vectors to produce a construct of each protein
domain. Each protein domain was expressed as a His6-fusion protein
in Escherichia coli BL21 (DE3) transformed with its respective con-
struct. Proteins were puriﬁed according to the QIA-expressionist pro-
tocol (Qiagen). The proteins were eluted in the lysis buﬀer containing
250 mM imidazole then dialysed promptly in solubility buﬀer over-
night to avoid precipitation. The PAAD domain of IFI16 was dialyzed
against 50 mM sodium acetate, pH 4.0, while all other proteins were
dialyzed against 50 mM Tris–HCl, 100 mM NaCl, pH 8.0. After dial-
ysis all puriﬁed proteins were concentrated to approximately 10 mg/ml
using an Amicon Ultra centrifugation ﬁlter with a 5000 dalton molec-
ular weight cut oﬀ and then stored at 80 C.2.2. Limited proteolysis
A 2.1 mg/ml purifed IFI16-1 in 100 mM sodium acetate, pH 4.0, and
100 mM NaCl was digested with pepsin for 2 h at room temperature
using an enzyme-to-substrate ratio of 1:30 (w/w). An identical IFI16-
1 without added enzyme was subjected to the same incubation time
at room temperature and used as a control to assess the extent of
proteolysis by SDS–PAGE and MALDI-TOF MS. Following the
incubation, the proteolytic reaction was stopped with 20 mM phenyl-
methanesulfonyl ﬂuoride (PMSF). From this study a shorter construct
named as IFI16-2 that contained the PAAD domain was obtained for
further biophysical experiments.2.3. MALDI-TOF MS experiment
Mass spectra were acquired on a Maldi TOF mass spectrometer
(Perseptives Biosystems, Voyager). The matrix was a 10 mg/ml solu-
tion of a-cyano-4-hydroxycinnamic acid (CHCA); 10 mg of CHCA
were dissolved in 400 ll deionized water, 100 ll 3% TFA and 500 ll
acetonitrile. 1 ll of protein sample (900 lM) was mixed with 9 ll of
matrix solution to a ﬁnal concentration of 90 lM; 1 ll of the mixture
was spotted on the sample plate. Once the samples had been dried at
room temperature, the plate was transferred into the mass spectrome-
ter for data collection. Deﬂection of low-mass ions was used to
enhance the target protein signal.2.4. Circular dichroism
CD spectra of PAAD and CARD domains were acquired on a JAS-
CO J-810 spectropolarimeter equipped with a peltier type PFD-425S
constant temperature cell holder. Both far and near UV spectra were
converted into mean residue ellipticity and expressed in units of
deg cm dmol1. Far UV measurements were made between 190 and
260 nm at 25 C using a quartz cell with 0.05 cm light path length.
Data were recorded using 200 nm/min scan rate, 100 mdeg sensitivity
and 0.1 s response. The concentration of protein used was between
40 and 45 lM, depending on the protein studied. A baseline was sub-
tracted from all spectra. Secondary structure content of each PAAD or
CARD proteins were determined by the cdPRO program (http://
lamar.colostate.edu/~sreeram/CDPro/main.html) using the CDSSTR
algorithm, which gave the most accurate a-helix predictions of proteins
with known structures. The percent a-helix reported is the sum of the
regular plus disordered helix shown in the output of the cdPRO pro-
gram. Near UV measurement between 400 and 250 nm were taken
the same way as far UV, but in a 1 cm pathlength cuvette and at a pro-
tein concentration of 69–103 lM. Far and near UV measurement were
taken in 6 M guanidine hydrochloride containing buﬀer to conﬁrm loss
of secondary and tertiary structure.
2.5. Fluorescence
Measurements were performed using the total ﬂuorescence detector
on the Jasco J-810 spectropolarimeter, or on a SLM 4800 spectroﬂuo-
rimeter equipped with a single wavelength monochromator.2.6. Chemical denaturation
Puriﬁed PAAD and CARD domains at 0.04 mg/ml were denatur-
ated at diﬀerent concentrations [0–7 M] of guanidine hydrochloride
overnight at room temperature. At each guanidine hydrochloride con-
centration, the dichroic signal was measured for 30 s at 222 nm in a
10 mm quartz cell at 100 mdeg sensitivity and 0.1 s response at 298 K.2.7. Thermal denaturation
PAAD and CARD domains at 0.04 mg/ml were denatured thermally
and monitored by circular dichroism at 222 nm to detect the loss of a-
helical content. The data were recorded using a 10 mm quartz cell,
100 mdeg sensitivity and 0.1 s response at 1 intervals. An attached pel-
tier type constant temperature unit was used to heat the protein sample
within the CD spectrophotometer from 20 to 100 C. In the case of the
PAAD domain of IFI16, the renaturation spectra was also obtained by
performing the reverse scan from 100 to 20 C just after denaturation
by heating.2.8. Analysis of denaturation curves
Thermodynamic parameters were obtained by using the linear
extrapolation model [15,16]. In all cases the denaturation was assumed
to follow a two-state model
N$ D;
where N is the native state and D is the denatured state. At any point
during the denaturation, the sum of the fractions of native and dena-
tured proteins fD + fN = 1. This is determined by making extrapola-
tions of the linear portions of the protein denaturation curve in the
native and denatured regions, yN and yD, respectively, such that the
experimentally observed
yOBS ¼ yNfN þ yDfD: ð1Þ
When substituting fD = fN  1 and fN = fD  1 in Eq. (1),
fD = (yOBS  yN)/(yD  yN) and fN = (yD  yOBS)/(yD  yN). Since the
equilibrium constant KD = fD/fN = (y  yN)/(yD  y), the DGD at each
point in the denaturation can be determined with the expression.
DGD ¼ RT lnðKÞ; ð2Þ
where R is the gas constant, T is the temperature in Kelvin and K is
equilibrium constant KD.
For the chemical denaturation of PAAD and CARD domains, The
DGH20, or the free energy of folding in the absence of denaturant, was
determined by plotting
DGD ¼ RT lnðKÞ ¼ DGH20D  mðdenaturatantÞ; ð3Þ
assuming a linear dependence of DGD on denaturant concentration.
The DGH20 is the Y axis intercept, the [denaturant] is the molar guani-
dine hydrochloride concentration and m is the slope of the curve DGD
over the molar guanidine hydrochloride concentration.
For the temperature denaturation of PAAD and CARD domains a
Van’t Hoﬀ analysis was performed by plotting ln(KD) against 1/K. The
DH values were calculated from the plots as DH = slope · R
(R = 1.987 · 103 kcal/mol K). The variation in entropy was calculated
according to DS = DH/Tm where Tm is the temperature at the midpoint
of the unfolding transition. With these parameters, the DGfolding at
298 K was determined by the expression
DGfolding ¼ DH  TDS: ð4Þ
The actual computation of thermodynamic parameters for thermal
denaturations performed in this study was done using the Jasco Spec-
tra Analysis software version 1.53.04 [Build 1].2.9. Homology modeling
To perform homology modeling, we chose the PAAD template
from NALP1 (PDB code 1PN5) and aligned the IFI16-PAAD do-
main sequence to NALP1 using the multiple alignment of [6] as a
basis then reﬁned the alignment further manually. Finally the model
were built and/or reﬁned with the program MODELLER [17]. Two
non-default key parameters of MODELLER were used during
model building and reﬁnement. First, extensive loop modeling was
enabled (via the DO_LOOPS option). This option increases the
quality of the model in the loop regions. Second, molecular dynam-
ics with simulated annealing was enabled (via MD_LEVEL = ‘re-
ﬁne1’). This option further improves the overall energy and
quality of the model by exploring a larger conformational space
and obtaining models with the lowest global energy. The model
were checked for favorable threading energy and geometrical and
stereochemical properties using Verify3D [18] and PROCHECK
[19].
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3.1. Spectroscopic properties of IFI16-PAAD
IFI16-1 has 3 tyrosines and 3 phenylalanines and no trypto-
phan. The tyrosine ﬂuorescence emission spectra obtained at
275 nm excitation of native and denaturated protein shows
the characteristic maximum of tyrosine at 304 nm (Fig. 1).
The decrease in relative ﬂuorescence intensity observed in
6 M guanidine hydrochloride containing buﬀer indicating that
the tyrosines become accessible to solvent upon unfolding and
suggest that the environment of the chromophores changes
and the protein contains tertiary structure. The phenylalanine
emission spectrum at 260 nm excitation wavelength shows a
single peak with a maximum at 304 nm that corresponds to
tyrosine but with less intensity than when excited at 280 nm.
Since no peak corresponding to phenylalanine in the emission
spectrum is observed at 282 nm we suggest that the low phen-
ylalanine ﬂuorescence intensity is further weakened by the pos-
sible chromophores location in the disordered region of the
protein or their exposure to solvent in the tertiary structure
of IFI16. Furthermore, consistent with this explanation, the-70
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Fig. 1. Spectroscopic properties of the PAAD domain of IFII6. (A)
Tyrosine ﬂuorescence emission. (B) Far UV circular dichroism
spectrum. (C) Near UV circular dichroism spectrum. (d) native
conditions (s) denaturating conditions (6 M guanidine hydrochloride).ﬂuorescence intensity in the phenylalanine emission spectrum
is also completely attenuated in 6 M guanidine hydrochloride
containing buﬀer. To conﬁrm that there are no tryptophan
contaminants in our sample, the emission spectrum at
295 nm excitation wavelength was recorded. The results show
the absence of the typical tryptophan peak at 353 nm and sin-
gle peak at 304 nm, indicating only tyrosine emission. This is
consistent with a pure protein sample as conﬁrmed by SDS–
PAGE analysis after silver staining. No diﬀerences were ob-
served in the spectroscopic properties of IFI16-1 when further
puriﬁed by cation-exchange chromatography.
We further characterized IFI16-1 by far and near-UV circu-
lar dichroism. Far UV circular dichroism spectra (Fig. 1B)
show well deﬁned minima at 208 and 222 nm conﬁrming the
highly helicoidal content of the protein. The far UV spectra
of IFI16 were not aﬀected by additive puriﬁcation steps sug-
gesting that HIS-Tag puriﬁcation was suﬃcient for circular
dichroism analysis. The far UV spectra of IFI16-1 at pH
4.0–5.5 are superimposable upon each other suggesting that
secondary structure is pH independent in the range tested.
The near UV spectrum of IFI16-1 shows a minimum at
275 nm corresponding to tyrosine and conﬁrms that aromatic
amino-acids are packed in an asymmetric environment. The
near UV spectra (Fig. 1C) after denaturation in 6 M urea
shows a decrease in signal intensity indicating that the aro-
matic amino-acids are buried in the native structure. Taken to-
gether, these data demonstrate that IFI16-1 is well folded with
both secondary and tertiary structure.3.2. Modeling and secondary structure of the IFI16-PAAD
domain
PAAD proteins share low sequence similarities (15%) ex-
cept for MNDA and IFI16-PAAD which share 50% sequence
identity. In spite of this low sequence identity the two pub-
lished structures of PAAD domains from NAC and ASC are
both six helix bundles with a disordered helix-3 [5,6]. For these
reasons we modeled the PAAD domain of IFI16 by homology
modeling (Fig. 2) using the NMR structure of NALP1-PAAD
domain as a template (pdb code:1PN5). The model has 51 res-
idues incorporated into a-helix which is 40.5% of the total 126
amino-acids in the expressed protein. To conﬁrm the unfolding
of the helix-3 of IFI16-1 we measured the total amount of a-
helix using far UV circular dichroism spectra and analyzed
the helical content using cdPRO. Our results show
40.3 ± 1.2% a-helix, which is 99.5% consistent with the calcu-
lated a-helix secondary structure from the model. Similar anal-
ysis for RAIDD-CARD and NAC-PAAD domains using their
respective published NMR structures [20,5] indicate 97.3% for
RAIDD-CARD and 91% for the NAC-PAAD of the calcu-
lated a-helix secondary structure from their respective models.
These data are consistent with a disordered helix for the
PAAD domain of IFI16.3.3. Thermodynamic properties of the IFI16-PAAD domain
Thermodynamic parameters for IFI16-PAAD were obtained
by analyzing denaturation curves that were recorded by mon-
itoring either far UV-CD signal or total ﬂuorescence of tyro-
sine residues (Table 1). All curves were ﬁtted to a two-state
equilibrium folding model [15]. The free energy of folding,
DG25 degCfolding , obtained by circular dichroism and ﬂuorescence were
1.40 ± 0.392 and 2.04 kcal/mol, respectively when the
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Fig. 2. Homology modeling of the PAAD domain of IFI16 on NALP1. (A) Superimposition of NALP1-PAAD domain (purple) (pdb code:1PN5)
with the IFI16-PAAD model generated with Modeller software (light blue) (RMSD = 0.88 A˚). All the tyrosine in the IFI16 model are colored in red.
(B) sequence alignment of the PAAD domain of NALP1 with IFI16 from which the model was generated. Amino-acids colored in grey are conserved
between IFI16-PAAD and NALP1.
Table 1
Thermodynamic parameters for thermal and chemical unfolding transition of PAAD and CARD domains
Protein DG25 degCfoldingðkcal mol1Þ
DG25 degCH20ðkcal mol1Þ
DH
(kcal mol1)
DS
(kcal mol1 K1)
Tm (C) m
(kcal mol1 M1)
Cm(M) DASA
(A˚2)
PAAD
IFI16-1a 1.40 ± 0.392 1.75 24.80 ± 2.16 0.079 ± 0.0060 42.05 ± 3.99 1.70 1.03 3822
IFI16-2a 2.77 ± 0.236 2.13 34.37 ± 2.16 0.106 ± 0.0065 51.51 ± 0.516 1.89 1.12 4686
NAC 1.46 – 23.67 0.074 44.72 – – –
MNDA 3.68 ± 1.20 1.43 49.43 0.151 55.09 1.02 1.40 732
CARD
RAIDD 5.28 4.09 55.37 0.168 57.39 2.30 1.78 5322
NAC 5.796 3.35 54.64 0.164 60.38 1.89 1.77 4686
RICKb – 3.0 ± 0.15 – – – 1.24 2.4 8200
CPIb – 1.1 ± 0.2 – – – 0.69 1.7 2780
aAverage values over pH range 4.0–5.5.
bValues obtained by urea denaturation according to [9,10].
3086 K. Dalal, F. Pio / FEBS Letters 580 (2006) 3083–3090linear extrapolation model was used to analyze denaturations
curves. If the three tyrosine amino-acids present in IFI16-1
are in distinct chemical environments, the variation in
DG25 degCfolding observed could be explained by the diﬀerent accessi-
bility to solvent of each tyrosine during melting. The two ther-
mal denaturation curves were not superimposable upon one
another, but the extrapolated DH and DS values were almost
identical.
To investigate the reversibility of the folding–unfolding tran-
sition of the PAAD domain of IFI16, the sample was renatur-
ated after thermal denaturation followed by circular dichroism(Fig. 3). When IFI16-1 was denatured and then renatured, the
Tm values were nearly identical and the unfolding–refolding
curves superimposed well upon each other when expressed in
fraction unfolded. The results conﬁrm that refolding of
IFI16-1 into the native state is possible and that the unfolding
process occurs by a two-state mechanism.
The IFI16-1 conformational stability obtained from chemi-
cal denaturation, DGH20, was 1.7 kcal/mol when guanidine
hydrochloride was used as the denaturant (Table 1). The cor-
responding m value and Gdn-HCl1/2 (Cm) were 1.7 kcal/mol/
M and 1.03 M. The m value has been shown to correlate with
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Fig. 3. Thermal reversibility of IFI16-1. Superimposed IFI16-1 (d)
denaturation and (s) renaturation curves over 20–100 C.
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Fig. 4. Thermal and chemical denaturation show PAAD domains are
less stable that CARD domains. PAAD and CARD proteins were
denatured by (A) guanidine hydrochloride or (B) temperature at a
concentration of 0.04 mg/mL and monitored by circular dichroism at
222 nm. (m) NAC PAAD (Tm = 44.7 C); (d) MNDA PAAD
(Tm = 55.0 C); (n) IFI16-1 (Tm = 42.1 C); (h) RAIDD-CARD
(Tm = 57.4 C); (s) NAC-CARD (Tm = 60.4 C).
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total number of residues in the protein [16]. We determined the
change in accessible surface area (DASA) to be 3822 A˚2, which
corresponds to a 51 residue protein. This does not agree with
the IFI16-1 length of 126 residues, which should give a DASA
of 10811 A˚2 but agree with the model of the IFI16-1 that shows
51 residues folded into a-helix. The surface area already ex-
posed within the disordered region that include helix-3 contrib-
ute to the 6989 A˚2 diﬀerence. The m value can also be lower
than expected if the protein has more than two equilibrium
states during unfolding [15]. Furthermore, IFI16-1 has a highly
positive charge since it was tested at pH 4.0 and has a pI of
9.72. The repulsions of positive charges can cause extension
of unfolded proteins, which increases the accessibility to sol-
vent and lowers the m value and DASA [16]. Overall, thermal
and chemical denaturation shows that IFI16-1 has low stabil-
ity, high conformation entropy and low bonded energy.
Compact and folded regions of proteins are generally less
sensitive to proteases than exposed and disordered regions.
Limited proteolysis has been widely used to improve the con-
formational stability of proteins [21] and eventually improve
the crystallizibility of macromolecules. Since IFI16 is soluble
and well folded between pH 4.0 and 5.5, we identiﬁed prote-
ases that function in acidic conditions. Partial digestion by
pepsin of IFI16 were performed at diﬀerent molar ratios of
protein:enzyme (1:0ﬁ 1:6) and stopped by adding PMSF after
20 min. Protein fragments were analyzed on an 18% SDS–
PAGE gel to monitor the extent of proteolysis. Once the par-
tial digestion conditions were obtained, the digestion mixture
was analyzed by MALDI-TOF mass spectrometry. Fragment
analysis by FindPept (www.expasy.org) identiﬁed a cleavage
site 5 residues away from the N terminus which was accessible
to proteolytic cleavage. This truncated protein, designated
IFI16-2, was cloned, expressed and found to have the same sol-
ubility properties as IFI16-1. Secondary structure, tertiary
structure and thermodynamics were analyzed the same way
as IFI16-1 (Table 1). The IFI16-2 DG25 degCfolding was found to be
2.77 ± 0.236 kcal/mol, which is almost double the conforma-
tional stability of IFI16-1. When guanidine hydrochloride was
used to denature IFI16-2, the DGH20 was found to be
2.13 kcal/mol, which is lower than the corresponding
IFI16-1 value. The m value and Gdn-HCl1/2 (Cm) were
1.89 kcal/mol/M and 1.12 M, respectively. As with IFI16-1
the DASA for IFI16-2 was calculated using the m value and
found to be 4686 A˚2, which corresponds to a 60 residue pro-
tein. This does not agree with the 118 amino-acid length ofIFI16-2. The reasons for the lower than expected m value is
the same as mentioned above for IFI16-1. The CD spectra of
IFI16-2 show higher helicoidal content and signiﬁcant tertiary
structure since we observe lower minima at 222 and 208 nm in
far UV spectra, and a lower minimum at 275 nm (tyrosine) in
near UV spectra compared to IFI16-1.
3.4. IFI16-PAAD compared to other PAAD and CARD
domains
We compared the thermodynamic properties of IFI16-1 and
IFI16-2 to other members of the Death Domain superfamily.
Thermal and chemical denaturations were performed on
NAC-PAAD (NALP1), MNDA-PAAD, NAC CARD and
RAIDD-CARD (Table 1). CD and ﬂuorescence emission spec-
tra were recorded for all proteins to conﬁrm secondary and ter-
tiary structure before acquiring denaturing data (Fig. 4). The
average DGH20 and DG25 degCfolding for PAAD domains (IFI16,
NAC, MNDA) were 1.77 ± 0.36 and  2.33 ± 1.10 kcal/
mol, respectively. CARD domains have greater stability than
PAAD domains as seen from their average DGH20 and
DG25 degCfolding values of 2.89 ± 1.27 and 5.54 ± 0.36 kcal/mol,
respectively. For the DGH20 of CARD domains we included
denaturation data on RICK-CARD and CPI-CARD (pro-
caspase 1) which were characterized by equilibrium unfolding
studies using urea [9,10]. The denaturation curves should be
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3088 K. Dalal, F. Pio / FEBS Letters 580 (2006) 3083–3090similar when the linear extrapolation model is used [15]. Fur-
thermore, the m values of urea and guanidine hydrochloride
for many proteins correlate with each other with an R value
of 0.9 [16]. Thus, we are conﬁdent that the DGH20 data for
RICK-CARD (1.1 ± 0.2 kcal/mol) and CPI-CARD
(3.0 ± 0.15 kcal/mol) can be compared directly to our guani-
dine hydrochloride derived values.
CARD domains show considerably more variation in DGH20
values than PAAD domains. Both RICK-CARD and CPI-
CARD have low stability, which increases the overall devia-
tion for CARD domains. In the case of PAAD domains, the
DGH20 values are more consistent than CARD domains with
only a 0.36 kcal/mol standard deviation between the 3 proteins
tested. In spite of this, the relative conformation stability for
CARD domains is higher than for PAAD domains, which is
in agreement for average DG25 degCfolding values obtained from anal-
ysis of thermal denaturation curves.
3.5. Increasing secondary structure with helix inducers
Sodium dodecyl sulphate (SDS) and 2,2,2-triﬂuoroethanol
(TFE) were used for helix induction of IFI16-1 and IFI16-2.
Each sample of protein was manually prepared to contain
the desired SDS:protein molar ratio and analyzed by far-UV
CD to determine secondary structure content. All SDS concen-
trations used were below the critical micelle concentration
(CMC) of approximately 8 mM. Fig. 5A shows that at low
molar ratios of SDS:protein (5:1ﬁ 60:1), IFI16-1 and IFI16-
2 adopt an unfolded state suggested by the loss of the
208 nm peak and by cdPRO analysis of the far-UV spectra.
In the SDS induced unfolded state, the peak at 208 nm be-
comes positive, which represents a pﬁ p* shift in polarity in
the amide portion of the peptide backbone. At intermediate
SDS:Protein molar ratios (60:1ﬁ 160:1), the protein regains
helicity reach a maximum value at approximately 160 SDS:1
protein for IFI16-1 and 120 SDS:1 protein for IFI16-2. When
the SDS content was increased beyond this point, the second-
ary structure content was decreased for both proteins. The
cdPRO analysis of far UV spectra for both proteins IFI16-1
and IFI16-2 with SDS show a 7% increase in helical content
at the maximum SDS:protein molar ratio compared to protein
with no SDS, which corresponds to the refolding of helix-3. In
the refolded state, the peak at 208 nm has greater intensity. In
contrast, the peak at 222 nm, which represents the nﬁ p* elec-
tronic transition, remains stable. In conjunction, we did not
observe an increase in helicity at any SDS concentration for
the CARD domain of RAIDD, which contains 6 folded helices
(Fig. 6).Fig. 5. Both helix secondary structure and stability of IFI16-1 are
improved in an amphipathic environment. (A) The helical content of
IFI16-1 at 2.76 lM measured by far UV CD in the presence of
increasing SDS concentrations: (solid line) No SDS; (h) 110 lM SDS;
(n) 221 lM SDS; (– –) 331 lM SDS; (- -) 441 lM SDS; (s) 551 lM
SDS. (B) Thermal denaturation of IFI16-1 at 2.76 lM monitored by
CD at 222 nm in the presence of increasing SDS concentrations: (solid
line) No SDS; (n) 221 lM SDS (- -) 441 lM SDS (·) 1.3 mM SDS.
(C) The helical content of IFI16-PAAD at 2.76 lM in the presence of
increasing TFE concentration: (solid line) No TFE; (– –) 5% TFE; (- -)
20% TFE; (s) 30% TFE; (n) 40% TFE. (D) Thermal denaturation of
IFI16-1 monitored by CD at 222 nm in TFE: (solid line) No TFE; (·)
1% TFE; (- -) 5% TFE; (s) 30% TFE.
cThermal denaturation for IF116-1 and IFI16-2 were per-
formed in the presence of SDS to test if the increases in helicity
were accompanied by a greater stability of the protein (Fig. 5B).
For the SDS concentrations at which greater folding of IFI16-
1 is obtained, we observe a DGfolding of 7.2 kcal mol1 for-70
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Fig. 6. RAIDD-CARD helicity does not increase at any SDS
concentration. Secondary structure of RAIDD-CARD at 3.2 lM in
the presence of SDS measured by far UV CD: (solid line) No SDS; (– –)
176 lM SDS; (- - -) 352 lM SDS; (– -) 704 lM SDS; (s) 1.06 mM SDS.
K. Dalal, F. Pio / FEBS Letters 580 (2006) 3083–3090 3089IFI16-1 and 6.5 kcal mol1 for IFI16-2 which is considerably
higher than their corresponding DGfolding without SDS in Ta-
ble 1 (IFI16-1, 1.43 kcal mol1; IFI16-2, 2.77 kcal mol1).
The thermal denaturation curves at SDS concentrations at
which PAAD domains were unfolded had lower Tm values
than protein without SDS, did not follow a two-state transi-
tion and hence, could not be analyzed by linear extrapolation.
At SDS concentrations beyond the unfolded and refolded
states, both IFI16-1 and IFI16-2 are very stable with Tm values
approximately of 90 C when a molar ratio of 480 SDS:1 pro-
tein was applied. Due to the irregularity of these curves at high
SDS concentrations, they also could not be analyzed by linear
extrapolation.
TFE was also used to promote helix formation of IFI16-1.
As with the SDS titration, each sample of protein was pre-
pared to contain the desired TFE concentration before CD
analysis. We show that TFE increases secondary structure with
increasing concentration from 0% to 30% volume/volume
(Fig. 5C). No further increase in helical contents were observed
after this concentration. These data suggest that the partially
folded PAAD domain allows propagation of secondary struc-
ture due to water molecules exchange by TFE. No further
helicity is gained beyond 30% TFE. When 1% TFE is added
(Fig. 5D), the thermal denaturation show loss of a two-state
unfolding mechanism, suggesting a collapse of the tertiary
structure of IFI16-1 at low concentration of TFE.4. Discussion
The comparison of the thermodynamic parameters between
CARD and PAAD family members shows that there are
intrinsic diﬀerences between both families. CARD family
members are more stable with less conformational entropy
and more bonded energy than PAAD family members, consis-
tent with the fact that the PAAD domain is partially folded. In
addition, there are striking diﬀerences between members of the
same family, suggesting that the death domain has a more or
less compact three-dimensional structure that allow it to recog-
nize diﬀerent binding partners with diﬀerent protein aﬃnities.
The water miscible organic solvent TFE has been recognized
as a model solvent for its ability to propagate a-helix by replac-
ing water molecules bound to the peptide backbone by TFEmolecules that modify dielectric constant of the medium. In-
tense helix formation has been found at high or low concentra-
tion of TFE. At low concentration there has been evidences
suggesting that this propagation of secondary structure seems
to be restricted by the tertiary structure of the protein. For
IFI16-1, low concentration of TFE can increase secondary
structure propagation probably due to the partially folded
structure of IFI16 [22–27].
The diﬀerent eﬀect of SDS below the CMC at diﬀerent con-
centration on the secondary structure and stability of IFI16-1
suggest that the SDS–protein ratio confer diﬀerent conforma-
tional behaviour for IFI16-1. A structural model of protein–
surfactant complex that involves SDS and protein has been
suggested such as the protein wrap around the micelle or the
micelle nucleate around the hydrophobic sites of the proteins
(neck and beads model) [28]. These structures could account
for diﬀerent conformational behavior of the SDS–protein com-
plex. However, both models can be ruled out in our experimen-
tal conditions, which are far below the CMC.Acknowledgement: F.P. is grateful for the ﬁnancial support provided
by the Canadian Institute for Health Research (CIHR), Michael Smith
Foundation for Health Research (MSFHR) and Alfred P. Sloan Foun-
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